It is well documented that short sleep duration is associated with excess body weight and poor food intake in children. It has been suggested that sleep timing behaviour may also be an important predictor of weight and other related behaviours, independent of sleep duration; however, there is a lack of research investigating these relationships. The present study investigated sleep timing in association with diet and physical activity levels in 439 children aged 9-11 years old from New Zealand. Sleep and physical activity data were collected using accelerometry, and food choice using a short food-frequency questionnaire. Participants were classified into one of four sleep timing behaviour categories using the median split for sleep-onset and -offset times. Differences between sleep timing groups for weekly consumption frequency of selected food groups, dietary pattern scores and minutes of moderate-to-vigorous physical activity were examined. Children in the late sleep/late wake category had a lower 'Fruit & Vegetables' pattern score [mean difference (95% CI): À0.3 (À0.5, À0.1)], a lower consumption frequency of fruit and vegetables [mean weekly difference (95% CI): À2.9 (À4.9, À0.9)] and a higher consumption frequency of sweetened beverages [mean weekly difference (95% CI): 1.8 (0.2, 3.3)] compared with those in the early sleep/early wake category. Additionally, children in the late sleep/late wake category accumulated fewer minutes of moderate-to-vigorous physical activity per day compared with those in the early sleep/early wake category [mean difference (95% CI): À9.4 (À15.3, À3.5)]. These findings indicate that sleep timing, even after controlling for sleep duration, was associated with both food consumption and physical activity.
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IN TROD UCTI ON
The role of diet, activity and sleep duration in childhood overweight and obesity is well documented in epidemiological studies (Chaput et al., 2015; Yoong et al., 2016) . Research suggests that children with shorter sleep durations tend to have poorer diets and may be less physically active (Chaput et al., 2015) , through mechanisms such as hormone imbalances, increased opportunities to eat, and increased feelings of fatigue (Chaput, 2014) . However, results of a recent review (Yoong et al., 2016) showed that interventions in children focusing on sleep duration have had limited effects on diet and body mass index (BMI) in particular, and only one study had examined physical activity. It has been suggested that sleep timing (the combination of sleep onset and sleep offset) may also play a role in the relationship that sleep has with diet and activity, separate from total sleep duration.
Only a handful of studies have investigated sleep timing in relation to diet and/or physical activity in children or adults (Adamo, 2013; Baron et al., 2011; Burt et al., 2014; Golley et al., 2013; Martinez et al., 2014; Olds et al., 2010 Olds et al., , 2011 . These studies have consistently reported that a circadian shift to a pattern of later sleep timing was associated with increased weight, poor food intake and decreased levels of physical activity, suggesting that misaligned sleep timing may be an important independent factor to consider for health outcomes. This may be due to having less time available in the morning, leading to changes in food intake timing (Martinez et al., 2014) , or from having a greater amount of discretionary time in the evening, which tends to be a time for more sedentary behaviour (Olds et al., 2011) . This suggests that it is not only important to get adequate sleep, but when this sleep is accumulated can impact health.
Previous studies have typically used subjective methods to measure sleep timing, which can assess the time a person goes to bed, but not when they fall asleep. Studies using accelerometry are needed to assess sleep behaviours in children to better understand the association that actual sleep-onset and sleep-offset times have with diet and physical activity. Examining these associations in children is important given that children's behaviours often track into adulthood (Whitaker et al., 1997 ). Public health messages may then be able to focus on promoting a change in sleep behaviours as a starting point for addressing obesity in children.
The purpose of the current study was to: (1) examine whether sleep timing, independent of total sleep duration, was related to diet and physical activity levels in school-aged children; and (2) determine whether there were sex differences in these associations.
MATERI ALS AND METHODS

Study design and participants
The present study used data from the Physical activity, Exercise, Diet And Lifestyle Study (PEDALS); a crosssectional observational study of 9-11-year-old children from Year 5 and 6 classes at schools in Dunedin, New Zealand. Invitation packs were sent to school principals prior to the research team visiting the school to present the study at a Year 5 and 6 assembly. Both child assent and parent consent were obtained from participants. Data collection was carried out during one school day, where children were asked to complete questionnaires relating to their diet and activity and correlates of these, and have anthropometric measurements taken. Questionnaires were taken home for their parents to complete and the principal was also given a questionnaire to complete relating to the school environment. Accelerometers, parent questionnaires and the principal questionnaire were collected at school 1 week later, and checked for completeness. If any further information was required, study personnel contacted the parent by phone or email to gain further clarification (for example, if a parent questionnaire was incomplete). Refer to Figure S1 for a flow diagram illustrating the process of data collection for PEDALS. Ethical approval was obtained from the University of Otago Human Ethics Committee (reference number 14/277).
Questionnaires
Questions used in both child questionnaires were collated from questionnaires used in other large epidemiological studies carried out in Europe, Australia and the USA (De Bourdeaudhuij et al., 2008; Haraldsdottir et al., 2005; Roberts et al., 2009) . Both questionnaires were self-completed by the child, with assistance from a study team member if needed, and checked for completeness once the child had finished, and missing answers added if required. The first questionnaire contained questions about the child participant (e.g. age and sex), as well as their food consumption and associated factors. The second questionnaire focused on physical activity, sleep and correlates of both. Food consumption was assessed using the PEDALS-FFQ, a 28-item non-quantitative food-frequency questionnaire (FFQ; Saeedi et al., 2016) , shown to have acceptable relative validity (median Spearman's correlation coefficient of 0.66 between FFQ administrations) and reproducibility (intraclass correlation coefficient ≥0.5 for more than half of the food items/groups) for this age group. Participants reported their usual intake on a seven-point scale ranging from 'never' to 'everyday more than once'. From these data, two dietary pattern scores were derived using principal components analysis that explained 37% of the total variance. The 'Snacks' pattern loaded positively for ice-cream, non-dairy drinks, white bread, pasta and noodles, salty snacks, sweet baked items, lollies, sweet snacks and sandwich spreads. The 'Fruit & Vegetables' pattern loaded positively for fruits, vegetables, trim milk, standard milk, cheese, yoghurt, processed meats, other meats, breakfast cereals and brown/ wholemeal bread (Davison et al., 2017) .
While dietary patterns provide a good measure of overall diet, it is also of interest to determine associations between sleep timing and the consumption of particular foods that have been linked to child health (Chaput, 2014; Chaput et al., 2015; Golley et al., 2013) . These include fruit and vegetables, discretionary food items and sweetened beverages. Therefore, three further dietary scores were generated directly from the FFQ: frequency of fruit and vegetable consumption (calculated by adding the fruit and vegetable frequencies); frequency of 'extras' consumption (ice-cream, fruit juice, diet fizzy drinks, fizzy drinks, crisps, cake, snack bars, lollies and chocolate); and the frequency of sweetened beverages consumption (fruit juice, fizzy drinks and diet fizzy drinks). Screen use and whether children met the current screen time guidelines of less than 2 h per day (World Health Organization, 2010) was assessed using the relevant questions from the Youth and Physical Activity Questionnaire (Corder et al., 2009) , which has been shown to have acceptable relative validity [Spearman's correlation coefficient of 0.42 for moderate and vigorous physical activity (MVPA)] and reliability (intraclass correlation coefficient of 0.92 for MVPA) in a similar age group (Corder et al., 2009 ). The home address was used to derive New Zealand Deprivation Index 2013 (NZDep2013) scores, which provide a measure of neighbourhood level deprivation, and was used as a proxy measure of socioeconomic status (SES; Atkinson et al., 2014) . NZDep2013 scores were collapsed into three categories: 'Low' (1-3); 'Middle' (4-6); and 'High' (7-10). Missing data were only imputed for certain questions from the FFQ component of the questionnaires, where information on missing answers could not be elicited from the child by study personnel. For responses to be imputed, at least 75% of each set of questions, where a question had at least four subquestions, needed to have been completed. Thirty-five data points (0.25% of the total) were imputed for the entire FFQ dataset, with worst-case scenario responses imputed.
Anthropometry
Height and body weight were measured twice using a calibrated portable stadiometer (Model WSHRP, Wedderburn, Dunedin) and calibrated non-segmented Bio-electrical Impedance Analysis TBF-300 scales (Tanita, Japan), respectively. If the second reading differed from the first by more than 0.5 cm or 0.5 kg, a third measurement was taken and the mean of the two closest readings was used. All anthropometry measures were taken by trained research assistants. BMI (kg m À2 ) and age-specific z-scores, using the World Health Organisation (WHO) growth charts (de Onis, 2007) , were used to define underweight (<2 SD), overweight (>1 SD) and obese (>2 SD). Overweight and obese categories have been grouped together, given the small number of participants falling into the obese category, and referred to as overweight/obese. Likewise, normal and underweight categories have been analysed together, given the small number of children falling into the underweight category, and referred to as normal.
Sleep and physical activity assessment
To assess sleep, sedentary time and physical activity, each child was issued with an accelerometer (ActiGraph GT3X+, Pensacola, FL, USA) to wear on their non-dominant wrist continuously (24 h per day, eight consecutive days), except while bathing or swimming. The ActiGraphs were initialised using 5-s epochs in the triaxial mode and processed with the normal frequency filter. Data were cleaned and scored using an automated script developed in MATLAB R2015a (MathWorks, USA), described in detail elsewhere (Galland et al., 2012) . A valid day was considered at least 8 h of wear time, and participants were excluded from the analysis if fewer than three valid days, including one weekend day, of wear were obtained. Non-wear time was defined as 20 consecutive zero counts during the awake period (Owen et al., 2009) , and MVPA was estimated using cut-off points developed for wristworn accelerometers in 8-12-year-old children (Chandler et al., 2016) . Files with extreme sleep patterns were visually inspected and manually processed to ensure sleep periods were not mistaken for periods of non-wear. To assess sleep timing behaviours, participants were classified into one of four sleep timing groups, using the median split for sleep-onset (the time the participant fell asleep) and -offset (the time the participant woke) times: early sleep/early wake; early sleep/ late wake; late sleep/early wake; late sleep/late wake.
Statistical analyses
Statistical analyses were undertaken using Stata version 12.1IC (StataCorp, College Station, TX, USA). Sex differences in demographic characteristics were assessed, using chi-squared tests for categorical variables and t-tests for continuous variables. Sex differences in sleep behaviour, dietary and behavioural variables were examined using population-averaged generalised estimating equations, with a school cluster. Differences between sleep timing groups, and demographic, diet, physical activity, screen time and BMI were examined, using generalised estimating equations, as for sex differences. These models were also adjusted for sex, age, BMI z-score, NZDep2013, valid accelerometer wear time, mean sleep duration and meeting screen time guidelines (where these were not the predictor variable). As the screen time variable was binary, a binomial sampling distribution was specified. If the main effect of the sleep timing group was significant (P < 0.05), then pair-wise comparisons between sleep timing groups were undertaken without a multiplecomparison adjustment. A further model was also tested that included a sex by sleep interaction term. As no significant interactions were found, these results are not presented.
RESULTS
Response rate
Figure 1 illustrates study recruitment figures. A total of 465 child participants from 17 schools took part in PEDALS, representing 46% of all invited students. All 465 participants chose to wear an accelerometer. Three participants' accelerometers failed, four had fewer than three valid days of data collected, and two accelerometers were not returned. Almost all (98%) of the participants included in these analyses provided five or more valid days. After excluding those who did not have complete demographic, anthropometry, food, activity and sleep data, data from 439 participants were available for analyses. Table 1 shows information on sociodemographic, sleep, dietary and behavioural variables. Participants' age ranged from 9 to 11 years, with a mean age of 10.2 (SD 0.6) years. Just under half (46%) of the participants had an NZDep2013 score between 1 and 3, indicating lower levels of deprivation, and most participants (73%) fell into the 'normal' BMI category. There were no differences in demographic characteristics between girls and boys. Across the whole week, sleep duration ranged from 5 h 34 min to 10 h 51 min per night. Participants slept for an average of 8.6 (SD 0.7) h per night, with no differences between sleep duration on weekdays compared with weekend days. Girls slept longer than boys, which was most prominent on weekend days, with girls sleeping 13.8 min longer than boys (8.6 h versus 8.4 h, P = 0.019). Across the week, children went to sleep (sleep onset) at a mean time of 21:41 hours (ranging from 19:29 hours to 01:08 hours), and woke up (sleep offset) at a mean time of 06:52 hours (ranging from 05.04 hours to 09:02 hours). There were no differences between the times that girls and boys went to sleep. However, across the whole week, girls woke up later than boys by 9.1 min (P = 0.002). This difference was greater on weekend days, with girls waking up 17.0 min later than boys (P < 0.001). To assess sleep timing behaviours, participants were classified into one of four sleep timing groups, using the median split for sleep-onset (21:34 hours) and -offset (06:51 hours) times: early sleep/early wake; early sleep/late wake; late sleep/early wake; late sleep/late wake (Table 2) . Approximately one-third of participants each fell into the late sleep/late wake sleep timing behaviour category (32%) and the early sleep/early wake category (33%). A further 18% each fell into the early sleep/late wake and the late sleep/early wake category. Table 3 shows that children in the early sleep/early wake category were younger than children in both the late sleep/late wake (10.1 years versus 10.3 years; P = 0.003) and late sleep/early wake (10.1 years versus 10.4 years; P = 0.027) categories. Additionally, children in the early sleep/ late wake category were younger than those in the late sleep/ late wake category (10.1 years versus 10.3 years; P = 0.015).
Sleep behaviour
There were significant differences in sleep onset, sleep offset and total sleep duration between the sleep timing behaviour groups (Table 2) . While there was no difference in mean total sleep duration between the early sleep/early wake (8.6 h) and late sleep/late wake groups (8.5 h), the early sleep/late wake group slept, on average, about half an hour longer (9.2 h), while the late sleep/early wake group slept about half an hour less (8.0 h).
Body composition
No significant differences were found in BMI classification (P = 0.194) or BMI z-score (P = 0.386) across the four sleep timing behaviour groups (Table 3) . Although not significant, there is a general pattern suggesting that there was a higher proportion of participants classified in the 'overweight/obese' BMI category who went to sleep later (33% and 31% in the late sleep/early wake group, respectively) compared with those who went to sleep earlier (23% and 22% in the early sleep/early wake and early sleep/late wake groups, respectively).
Dietary habits
There were significant differences in the reported frequency of both fruit and vegetables and sweetened beverages consumption, as well as the 'Fruit & Vegetables' pattern Sleep, diet and physical activity in childrenscore between the sleep timing behaviour groups, with models adjusted for sex, age, BMI z-score, NZDep2013, valid accelerometer wear time, mean sleep duration and meeting screen time guidelines (where these were not the predictor variable; Table 4 ). Those in the late sleep/late wake category had a lower 'Fruit & Vegetables' pattern score [mean difference (95% CI): À0.3 (À0.5, À0.1)], a lower weekly consumption frequency of fruit and vegetables [mean difference (95% CI): À2.9 (À4.9, À0.9)] and a higher weekly consumption frequency of sweetened beverages [mean difference (95% CI): 1.8 (0.2, 3.3)] compared with those in the early sleep/early wake category, as well as a higher weekly consumption frequency of sweetened beverages than the early sleep/late wake category [mean difference (95% CI): 2.4 (0.9, 5.0)]. Additionally, those in the late sleep/early wake category also had a lower 'Fruit & Vegetables' pattern score [mean difference (95% CI): À0.4 (À0.7, À0.1)] than those in the early sleep/early wake category.
Physical activity
As for analyses with dietary behaviours, models were adjusted for sex, age, BMI z-score, NZDep2013, valid accelerometer wear time, mean sleep duration and meeting screen time guidelines (where these were not the predictor variable). There were significant differences in the amount of MVPA performed by the children across the four sleep timing behaviour groups (Table 4 ). In general, children who woke earlier were more physically active than those who woke later. Those in the early sleep/early wake group accumulated on average 11 more minutes of MVPA per day than those in the late sleep/late wake group [mean difference (95% CI): À9.4 (À15.3, À3.5)], in spite of no differences in time spent awake, as well as 9 more minutes of MVPA per day than those in the early sleep/late wake group [mean difference (95% CI): À7.8 (15.2, À0.5)]. Those in the late sleep/early wake group also accumulated 9 more minutes of MVPA per day than those in the late sleep/late wake group [mean difference (95% CI): À8.6 (À15.7, À1.8)].
DI SCUSSION
To our knowledge, this is the first study to assess the relationship between children's sleep timing behaviours with both diet and physical activity concurrently, using accelerometry to measure sleep. We found differences between sleep timing groups, with those in the early sleep/early wake group showing healthier eating patterns and spending more time in MVPA than the other sleep timing groups.
Independent of sleep duration, two previous studies have assessed the relationship between sleep timing and various dietary measures, and also found significant associations. A later sleep/wake schedule was associated with higher consumption of energy-dense foods and lower consumption of fruit and vegetables in 9-16-year-old Australian adolescents (Golley et al., 2013) , and increased total daily caloric intake in obese 8-18 year olds (Adamo, 2013) . In the latter study (Adamo, 2013) , the finding that short sleep was associated with an overall greater daily energy consumption became insignificant after adjusting for screen time, suggesting that media use could be a possible mediator in the relationship between sleep timing and food consumption. This indicates that sleep timing, separate from total sleep duration, could be an important indicator of a poor diet.
Only one previous study investigated relationships between sleep timing and physical activity, reporting that the combination of late bedtimes and late wake times was associated with unfavourable activity levels amongst 9-16-year-old Australians (Olds et al., 2011) . We found similar results, even in a younger population, which is concerning as research showing later sleep timing patterns are associated with reduced levels of physical activity is predominantly an adolescent phenomenon (Knutson and Lauderdale, 2007) . Although we could not assess causation, it seems plausible that children may voluntarily adjust sleep patterns to accommodate different activity interests. Children who enjoy sports may choose to wake earlier to participate in early morning training sessions, whereas those who prefer sedentary activities, such as video games or television, might choose to go to sleep later. It is also possible that children may have a natural disposition towards a particular sleep-wake pattern, and consequently participate in activities that are on offer at the times when they are awake. 'Morning-type' people spend a greater proportion of their waking hours in daylight, which may result in undertaking more outdoor-based activities. In contrast, children who prefer to go to sleep later have a greater amount of evening discretionary time, which offers more opportunities for sedentary behaviours (Williams et al., 2014) and a possible decreased availability of more healthful foods later at night. Although we did not investigate the time at which different levels of activity were accumulated, previous research has found that children who wake earlier accumulate more MVPA minutes per day than those who woke later, with this difference occurring primarily between 05:00 hours and 10:00 hours (Olds et al., 2011) . The results of this study do not agree with previous research showing shorter sleep duration is associated with increased BMI in children (Chaput, 2014) . However, there is limited research looking at the association between sleep timing and BMI, particularly in this age group where parents have more control over sleep behaviour. One longitudinal study looking at sleep timing and subsequent health outcomes reported that children aged 4-5 years with a later sleep timing profile were more likely to have a higher BMI zscore and waist circumference at 8-9 years than children with an earlier sleep timing pattern (Quach et al., 2016) . Our cross-sectional findings suggest that in this age group, sleep timing may have less to do with BMI and more to do with behaviours that may later impact BMI. It may be that sleep timing behaviour is a marker of an overall healthier lifestyle. It must also be noted that we have a cohort of mostly healthy weight participants, with lower prevalence of overweight or obesity compared with a nationally representative sample (Parnell et al., 2003) .
This study has several strengths and limitations. The data collected for these analyses were from a comprehensive cross-sectional study that was representative of Year 5 and 6 Dunedin school children. Although the study sample was representative of children in the Otago region, it comprises a higher proportion of high SES participants, and less overweight/obese individuals compared with New Zealand as a whole (Parnell et al., 2003) . An Actigraph GT3X+ accelerometer was used to assess sleep, sedentary time and physical activity concurrently (Crouter et al., 2015) . Accelerometry is currently considered the 'gold standard' for assessing activity (Cain et al., 2013) , and although polysomnography remains the 'gold standard' for assessing sleep, it is well correlated with accelerometry (Sadeh et al., 1995) . Compliance with the accelerometer wear-time protocol was very high compared with that previously reported (B en efice et al., 2004; Gupta et al., 2002; Nixon et al., 2008) . Objectively assessing sleep timing was a major strength, given that previous studies have often used self-reported bedtime and wake time, or sleep timing preferences. By using a non-quantitative FFQ to assess diet, neither energy intake nor the timing of meals could be determined. Therefore, any conclusions made about the association between food consumption and sleep relates only to intake frequency. Categorisation of sleep timing by median split is an arbitrary and data-driven approach that may have resulted in some misclassification and reduced power, but it is a simple, well-recognised method used to categorise sleep behaviors, allowing comparison to other studies and a simple interpretation. Sleeping schedules may be related to seasonal variation in the light/dark cycle (Nixon et al., 2008) . PEDALS data were collected across most of the school year, meaning that there were differences in daylight hours over the course of data collection. However, previous research in children suggests that factors other than hours of daylight, such as family lifestyles (Oka et al., 2008; Thorleifsdottir et al., 2002) , cultural influences (Rona et al., 1998) , SES (McLaughlin Crabtree et al., 2005) , school start times (Snell et al., 2007) and variations of the human clock genes (Iwase et al., 2002) may also influence sleep patterns. Research also suggests that pubertal stage is positively related to a delayed shift in circadian timing, impacting sleep behaviour (Carskadon et al., 2004; Crowley et al., 2007; Knutson, 2005) . Pubertal age was not assessed in the current study; however, given the age range of the sample population and the small percentage of children who may have already reached puberty, this was not likely to have affected any of the associations found. Lastly, a possible limitation of the current study is that we tested several hypotheses with the same data and therefore the Type 1 error rate may be inflated. As per the STROBE guidelines (Vandenbroucke et al., 2014) , we have focused on effect sizes rather than P-values when interpreting the results. Additionally, there is no widely accepted method for multiple hypothesis testing (Bland and Altman, 1995; Ioannidis, 2005; Pernegar, 1998) .
In summary, this study provides novel insight on the association that sleep timing has with diet and physical activity levels in school-aged children, showing that children with a later sleep timing pattern were less active and had a poorer diet than children with an earlier sleep timing pattern. Longitudinal research and, if possible, intervention studies that focus on manipulating sleep onset and sleep offset are needed to further understand the causal mechanisms underlying the relationship that sleep timing has with health outcomes, which is important so that effective intervention strategies can be developed to encourage children to maintain healthy sleep behaviours. and data processing. All authors contributed to the design of the project, including questionnaire design, data collection and processing. HALH wrote the first draft, under the supervision of PMLS. All authors provided critical review and revision of the manuscript, and have read and approved the final version of the manuscript.
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